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Tho purpose of thto study «. to mho an 

»-oo of Jio e~oct of a s.l tp velocity Grcidient an (am osciUctiono of 

“ aSttoSX ‘ ™° lnfor ’ ati0E 10 Porttoset to tho faction of thooriao 
for prodictlnG toil buffeting. Tho toot onuWrt uao dooignod to 

vd.do conditions corresponding no closely on possible to thooo tased on tho 
essuaptiono of lo to Mo theoretical study of on ooclUntlnc airfoil In 
^^rellcl strccTis separated bj an interface. 

Eooouoo of tho visoous nature of air, tho cssurvtione of lo could 
not oo ca_rlnwx. uufi icuantly clooo to pom.lt on ojqjorfc-nntal chock on 

“* T,, ° <*#***». tower, on. actuate to provide for an 

cxxjrinciroal choc-; on hia fuudar ? til no-? «+ 

.OX point o.. view as on explanation of 

buffeting. 

Tli ° iWOoeRO ® sr>opd flutter predicted bj tljoosy i** 

varlflod. Variations in tho fluttor speed and flutter frequency com 

ao^a as tho position of tho sjiarp velocity Gradient relative to tho oir- 
foil tea shifted, hut thocc variations were not oonoldorod significant. 

A lou opood oscillation was found which tho evidence ovoilahlo 
indicated woo duo to periodic vertiooo forced to the flow by tho 

mB%al UO<Xl >5 ° CI ' Kt0 t: “° -“iooify cradiont. Umtetlow on tho 

atat * n oporct,J « 0Mod of the Ulna tunnel precluded a ttoooeh iuvooti- 
Cation of the lower oooodo in tho low ron^c. 

73 ’° ° Vad0nw0 ' ° rxi tJlic towostiflation, though not conclusive, 
indica^oo tlat aaSS otire in olnply t!:o rosi^onoo of cn clastic o^ten to 

& turbulont flew. Ho conclusive evidence was found to indicate that a 



Hi 



oharp volocity Gradient new? an airfoil lias any offoct on the oociUations 
of tho airfoil. 



Further invoatication of the airflou created 
set-up used is rocar^jiyJod in ordor to o:c lain proci 
phoncaena oncountorod. 



ty the ojrporinontal 
coly the oscillation 
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i. ui??vCDuc?ion 



Tho critical 3pood at i/hiak wing fluttor occurs in flight with a 
given oat of physical constanto for the structure can bo prodictod with 
reasonable accuracy by tho uso of procedures ouch os those found in 
Hoforoncoa 1 and 2. Theso structures con bo so designed tiiat tho flutter 
spood is well above tho spood range in widen tho aircraft is to bo 
oporatod. Theories, however, for predicting tail buffeting, usually 
associated with ‘the action of vortices in tho wing voice or in the ?ro- 
pcllor s lips t roan, aro lacking, although numerous practical methods arc 
available for Uniting its offoots. 

Lo (Reference 3) points cot tiiat this gap in aerodynamic theory 
arisos fron tlio face tiiat tho actual nature of tho waho bohind a wing 
has not yet boon established* The effoot of tho uoko on tho tail lias 
boon approximated by Abdraoliitov (RoforonO© 4) in tlio fora of a harmonic 
disturbance force. Lo introduces an entirely different approach. In a 
tboorotical troctnont ho approxi m ates the wing uuko by on intorfaco, 
i.o., a plane across which tho flow under goes finite, constant in 

donsity and velocity, and considors tlio possibility of airfoil "Tittor 
in tho vicinity of tlio interface. Ib finds tiiat in addition to tho high 
spood uing flutter cn airfoil is capable of flutter at low spoed \£ion 
placed near an intorfaco. He works out an example in uliidi ho first 
determines tho floicoro-torsion fluttor spood of a two-dinonsional wing by 
conventional methods. By introducing an intorfaco in tho plane of or 
close to the airfoil, ho finds tint although tlio upper fluttor spood is 
only roduccd by about 10 per cent, fluttor phoncoona also take place at 
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a spoed of loaa tlrnn 3 por cent of th® conventional valuo. lio find© 
tliat tho prodoainnnt node of oscillation io torsional in the higher trxjod 
caoo and floxural for tho lowor speed. 

In fomulatlnc tho problem Lo rod© the following nssunptiono: 

(a) tho \#el}-o given off by tlio wing nay bo anproxinatod hr; an 
interface across which tho flow undergoes a constant diango in velocity 
and density; tlio interface is flat, of aero thiclmeas and orfccndo to 
infinity in all directions; 

(b) tlio tail cur fa co io of infinite aspect ratioj 

(c) tho oa cilia ting notion is two dinoncionol; 

(d) tlio flow io inccnproo siblo end non-viocouaj 

(c) tho thichnoss of the tail surface and tlio amplitude cro 
snail in couparicon with tlio cliord; 

(f) the oscillation io periodio; 

(g) tlio tail has a neon position parallol to the surface, 

Frcea tlio point of view tliat a velocity gradient is a vortex layor, 
and an intorfaco io a verto:: layer of scro thickness , it io soon tliat Lo 
theoretically presents tlio fundanontalo of tho viocouo shear flow approach 
to tho explanation of buffeting. 

This Investigation wac concomod witli chocking csporirontelly tli© 
ro suite obtained by Lo in ordor to oitlior obtain ovidonc© which i/ould oub- 
stantiato tho viocouo ohoar flow approach ‘to tlio buffeting problem 
whore cons ido ration io given to tlio possibility tliat it is a flutter 
phononona, or to obtain ovidonc© which would establish buffeting go 
oinply tlio response) of on ola3tic oyston to a turbulent flow. 
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A wind tunnel cot-up was designed which provided condltion3 uidLeh 
corresponded as closely as possible to Lo*o assumptions. Altiiough an 
interface ouch as Lo postulated can not bo produced experimentally with 
air because of its viscous nature, t!ie corroopondenoo obtained in this 
experiment is considered nuch better tlian that tfnich would over exist 
under actual flight conditions of an aircraft. 

Thus, although Lo’o thoorotical findings cannot bo checked 
oxporirxntally, tho simulation of ids assumptions is adequate to provide 
for an cxxjrinontul choc!: on Ids fundonontol point of viov; as cn ex- 
planation of the cause of buffeting. It is pertinent to sec if a jfiarp 
velocity gradient near an osci.31 r .tinc airfoil lotToro tl*e fluttor speed 
to tho extent that fluttor phonenena nuot be conoidorod in formulating 
thoorios for predicting buffeting. 

In this investigation tho flexure-torsion flutter charactorictlcs 
of a two-dimensional IIACA 0006 aii’foil \toto dotorrdnod in an midioturbod 
flow. A sharp velocity discontinuity was created near the airfoil and 
its offocts on flutter opood were obsorved. Limitation of tho mininue 
operating speed of the -wind tunnel precluded a thorough investigation of 
the lower speods in tho low range. 

Tho scope of this investigation is confined to the speed regime 
whore air may bo ass mod incompressible. Buffeting due to unstable 
chock waves has not boon com ids red. 
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ii. nasciEmaj a? ai-patasds 

Tho wind tunnel \/ac an o;x)n-rotum typo (Piguro 1) powered by a 
125 h.p. autonobilo engino with a throo speed transmission. A dotailod 
description is givon in Reforonce 5. Throttle control from tlia locality 
of tho toot-ooction was provided with a rcnotoly controlled rovoraiblo 
d.c, notor. 

Tho wind tunnel was designed to provide flow uith a nininun of 
turbulonce. This vac acccaplich*od by using a largo contraction ratio 
combined \/ith throo screens, two of choono cloth and ono of 20 nosh 
copper screening, placed at ono foot intervals at the inlot of tho tunnel 
as shown in Figure 1. 

Vibrations of tho cngino-propollor section were isolated by noons 
of a lr/ inch gap bot’uoon tliis section and the rost of tho wind tunnel. 

Tlio najdnm and nininun spaods obtainable in tho tost section 
wore approidnatoly 65 foot per socond and 10 feet per socond, roopoctivoly. 

An IIACA 0006 airfoil \nxa counted vertically in the tost section as 
shown in tho photograph of Figure 2(a). It was claapod to stoel springs 
at oach end (Figure 2(b) ) and the springs passed through slots in tho 
upper and lower tunnel walls and wore thensolvon olanped to heavy stool 
brachats. Tho cross-section of tlio springs uao l/2 inch by 2/16 inch 
and the olanps wore adjusted so tiiat a spring length of inchoo was 
obtained, Tho clomping notion was sufficient to withstand a tension 
load on the springs of ovor 75 lbo. 

Tho tension on tho springs was maintained at a practically' con- 
stant valuo by mens of a horizontal spring fle:airo incorporated into 
tlio design of tho lo’.for counting clrnp (Figure 3) • 
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Tho airfoil woe of laminated wood construction with a 9 inch 
chord and 35 inch span. Tho lift coefficient versus angle of attach for 
tho airfoil is given in Figure 4* Tho various physical constants of the 
opring-^irfoil system aro given in the Appendix. 

The axis of ilia airfoil was carefully aligned uith tlic tunnel 
axis and thus tho angle of attach of tho airfoil was maintained at soro 
degrees • With tills alignment the airfoil ccdiibitod no tondoncy to novo 
oidowioo under tlio action of tho airflow. 

Tho ncadLnua enplitudo of oscillation of tho airfoil was restrict od 
by neons of rubber stops (Figure 2(a) ) and in addition restraining bars 
provided a moans of ccoEplotoly stopping all notion of tho airfoil at any 
tine by forcing tho springs against tho edgoo of tho tunnel wall slots. 
The lower r os training bar con bo soon in Figure 2(b). 

Two sot3 of strain gages wore attached to tho upper spring, one 
sot mounted parallel to tho spring axis and tho other sot mounted at 45 
degrees to the axis. Those two sots of strain giges noasurod bonding 
and torsional strains, i-espoctivoly, although it was not possible to 
separate completely tho two typos of strain, particularly In tlio sot for 
bonding neasuromonts. Results wore considorod satisfactory houovor, as 
tl« primary purpose of the strain gages uas that of froquoncy determin- 
ation. 

Tlio output of tlio gagoo was fad through an amplifier to a Holland 
Typo A 400 R-6 rocording oscillograph, whoro tlio oocillatiaaia wore 
recorded in sino wave fora on sonsitisod photographic rocording "-ape. 
Timing linos spaced 0.01 soconds apart wore also roooruod on this tape 
and thus oscillation fraquoncios voro roadily available. Sample 
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recording for sovcral types of oscillation uro shorn in Figaro 5. 

Tho velocity grediont uas croutod by inn tailing a two-dincnaional 
body into tlio flour as chain in tho plan view of tho teat section (Figure 
6) and also in tho photograph of tho c:cxjri.nontrJL cot-up (Figure 2(a) ), 
Tills body, c frunoworlc covorcd with shoot n irnr »n ) uos refori'od to 
throughout tho investigation as tho "barrior". It 'was dasigiiod to por- 
rait quid: installation in or raaavul froa the toct-scction and could bo 
easily novod to various positions whoa In tlio test-soctiai* 
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in. test rr.ocsDunn 

A crooo-acctionil survey of velocity distribution in the un- 
restricted wind-tunnel toot ooction ia plotted in Figure 7. 

Velocity surveys wore conducted at tost-soefcion velocities of 
50 foot per second and 17 foot per second with the barrier installed and 
the results are shown grapMcrdLly in Figures 8 and 9» respectively. 

Tuft surveys of the flow with tho barrior installed wore also 
conducted. In the high speed case tho tuft ourvoy indicated that the 
flow isis relatively non-turbulent and porallol to tho airfoil chordline 
on the hi^k oido of tho velocity gradient* However, tho tuft noacurc- 
icents could not be dcpcadod upon to detect horisontal direction variations 
of loss than 5 decrees , In tho lou speed ccso there \tas insufficient flow 
to nclje a significant tuft survey. Results obtained ^dLth the tuft ware 
used only for a qualitative appraise. 1 of flow conditions. 

With no flow through the wind tunnel tho frequency of oscillation 
of tho two nodes was detomined. The go quo try of the system was such 
that various weights hung frees the lower spring would give various fre- 
quency ratios. The explanation of this lies In tho fact that added 
weight had considerable effect on tho natural flexural frequency but 
littlo offoct on tho natural torsional froquancy, thus resulting in a 
ch-ange of tho frequency ratio. In order to uso tho information that 
would bo available frees an investigation of tho flutter c:iaractoriotie 3 
of tho airfoil with different froquancy ratios, and thus provide curves 
rather than points to study, it was desired to dotomino cccixjriroontally 
the rolationoliip existing between weight addod to the spring vorous 
froquonoy ratio. 
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It wa 



-oaiicl to bo impossible to obtain, direct oscillograph 



recordings of tho two natural frequencies bo cause of the dynamic 
coupling hrtuoen tho torsional and flcnsaral nodes of oscillation. An 



oscillograph recording showing the effect of coaling or. strain cage 
response is presented in Figure 5(d). 



It was noted, however, that tho nodes, i.o., the point abort 
which tho airfoil oscillated as if it had only a torsional degree of 
freodon, could bo easily located and that the airfoil could be caused to 



oscillate about the nodo. The node location was found and tho frequency 
of oscillation recorded on tho oocillog^pl!. By noons of a procedure 
given in tho Appendix the funclanontal frequencies wore deduced froa these 
date. Tho results are presented graphically in Figures 10, 11, and 12. 



Tho flutter speed was 



doterninod with and without tho barrier 



installed. Shortenings of tho spe od control reclinnicn were ovident in 
thfit tlib attaiimont of a desired volocity to within 0.5 foot per second 
woo frequently a tiuc-consuning process. Tlio rechanisn was not capable 
of ralring vory sreall changes in tlio speed setting and in addition speed 
variation for a given tlirottlo sotting frequently ap reared. 



Flutter opoeda wore detcreinod for tho sore tonsion condition 
with t?ie borrior in sovorel different fore-and-ca"t positions. Tho 
results ore plot tod in Figure 13. It was early scon that tlio lateral 
location of the airfoil centerline, 2 indies inboard of tho barrier os 
shrem in Figure 6, was tho optinua ono insofar as this position lacoo 
tlio airfoil as close to tho volocity gradient as is practical without 
unduo direct interference bo tween tl» two. 



Cb a nunbor ox runs tlio flutter frequency was dotozninad as - wall 
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c .3 the flutter speed. Hie noon frequency for each barrier position Is 
pro seated grap’iically in Figure 13. Tho nean froquoncy ic plotted 
inasmuch c.3 tho average sproad of frequency vc. c only 0,3 radian nor 
second which resulted in points very cloco togotlior. 

Fluttor speeds vara also determined with uoi$it3 hung on tlio lower 
spring to cliango the froquoncy ratio of tlio syctoa. For two sots of 
runs tho barrior uas ronovod and for anothor sot tho barrier wa 3 located 
chord length ahoad of tlio airfoil loaf ling odgo* Tlio results aro 
plotted In Figure 14. 

Aftor tho pro3cnoo of tie prodictod Inch speed fluttor Iiad boon 
vorifiod and tho characteristics of tho our orinontal sot-up had been 
checked, as outlined above, tlio tost procedure consisted of thoroughly 
irr/cstigating volocitios below the fluttor speed in a scaroh for tlio 
prosonco of oocillations at acne lower speed as predicted by Lo. 

Tlio wind tunnol irr.>oood limitations on this part of the investi- 
gation In that tho ninixn velocity at u5iich tho tunnel could bo 
operated woo at approximately ID foot per socond. 
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IV. DISCUCoICi! e? rasui® 

Tho velocity profiles which o:ciotod within tho to3t-ocetion with 
tho barrier Installed, and tho bouadcrios of tho velocity gradient cro- 
atod ’ey the barrier aro indicated graphically in Pifr-ires 3 and 9. Linos 
of constant velocity outline tho oocition of tho vcloolty cradiorre which 
consists of e region across wiiidi tho magnitude of flow velocity varies 
froa that of the froo stroarx to a greatly roducod value. Tho odgo of the 
volooity gradient adjacent to the airfoil is quite distinct a; id is nearly 
parallel to tho piano of the airfoil. The "odgo" is hero defined in a 
manor analogous to that u3od in spooking of tho odgo of a boundary 
layer. Uithin this region tho sharpness of tho velocity gradiont 
varies, becoming loss stoop v?ith downstream d is tanco. On tho avoret/;©, 
the flow velocity is roducod by 50 per cent at stations -j inch froo tlio 
odgo of tho velocity gradient. A comparison of Figures 0 and 9 shows tho 
docrcaso in aharpnoas of tljo velocity gradiont which accccpoaiod tho 
decrease in tunnel snood. 

Although the proper equipment for studying tho dogreo of turbulence 
within the region near the airfoil was unavailablo , toots with tho hot- 
wire equipment being used by ISacCrcody and I hidden of GALCIT in their 
study of atmospheric turbulonco failed to show any long poriod turbulence 
oucopt in tho mhos of tho airfoil nr*l barrior and in tho noighborhood 
of tlio airfoil when it was os ci Hating violently. The apparatus Lad a 
tin© constant of 0.01 seconds. Tho previously nor.tioncd tuft surveys 
showed tliat tlio airflow past the airfoil was fairly straight although it 
is possible tliat tlio airfoil was at sene slight onglo of attach when tho 
barrier was in place. 
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Tho curves of Figure 12 demonstrate tlie closo agreement between 
tho theoretical and ex^jcrinental frequency determinations, c specially 
when tho springs \toro under soro tension. Tho equations on wliich tlio 
theoretical carves are based aro derived in doiail under calculations in 
tho Appendix, Tho discrepancy which o:dsto under loading can bo explained 
by changos in the relative degree of olomping. As was stated previously, 
it uo3 found to bo impossible to dotoroino the torsional and flexural 
froquoncies by direct measurement due to tiio dynamic coupling botvoon 
tluT two degrees of freedom. Instead, the location of the node point 
and tho frequency of vibration about tho node was recorded. Tlieso data 
are plot tod in Figaro 10. Tho f requoncy curve (solid) in Figure 10 can 
bo regarded as tho moan between tho two dotted curves. Tho data should 
have fallen on a smooth curve oinco tlio accuracy of frequency determin- 
ation was of a hifyh order. Tho fact that almost all the experimental 
points lio within a definite area and fora a pattern within the area coons 
to indicate that tlio degree of clanging was not, fired but varied between 
two limits. Tho naan frequency curve was usod to calculate the two 
natural froquoncies (so© Appondij;) . 

Evidence of a lacl; of unifora spring clomping appeared oorly in 
tlio experiment and tlie necessity for creator uniformity in clamping 
action was appreciated. Sovoral unsuccessful attaupts to obtain' tlie 
dcsirod uniformity wore made, and toward 'tho oriel of tlio experiment tlio 
damps ware rodosignod as shown in Figure 3. Tills dosign \r ovidod fear 
definite clamping edg03 at ’mown locations. Difficulties attributable 
to variable clamping action persisted however, and no conplotoly satis- 
factory solution was found. 

Flutter spood is generally do fined as tlio louast spood at which 



12 



an airfoil vith a specified nunbor of decrees of frcodoa will bocono 
unstable. In tliis investigation, a fairly wide ranc® of speeds mm found, 
on tho ordor of 7 foot per second, within which osoilhationa would start 
of themselves, build up to a stable amplitude, and dio out upon reduction 
of apeod. 71io rrudfitaa flexural amplitude was limited by tho width of 
tho slots in tho tunriol walls and ;/hon tills amplitude woo roaeliod a 
difforont, more violent typo of oscillation ins found to occur which was 
charactcrizod by larqe torsional anplitudos and by the sprinrs striding 
tho walls of the slit3 with considerable force* 

for oscillations of large amplitude , tlio linearised theory of 
flutter as presented in Roforor.cos 1 and 2 no lonpor holds. Strictly 
opoaldnc, tho linearised aerodynamic theory holds only for oscillations 
of infinitesimal amplitude. For finito anolitudo3, tho flutter derivatives 
aro no longer constants, but depend on tho amplitudes . Furthermore, tho 
internal dampinc of tho system, neglected in the theory of Roforenco 1, 
and also nccloctod in ih* calculations of this paper, isay not bo nee- 
llpiblo for finito amplitude oscillations, ospocially in view of tho 
possibility of its bocorainc non-linoar. Ilonco tho classical thoory 
cannot bo appliod* 

Flutter speed was thus do fined as tho lowest owed at which tho 
srallost, regular oscillations would occur. This pave a flutter speed a 
good deal higher than tho predicted valuo, a3 can bo soon in Figure 13. 
Although this corrospoudod with tho usual dofinition of fluttor spood, a 
serious diaadvanta.pt> of this criterion lay in its indofinitenoss. It 
wan frequently difficult to dote nine whether or not tho small notions of 
tlio airfoil woro rofailar or uhothor they were intomittant and causod by 
turbulonoo in tlio airflow* This wen particularly true when tlio barrier 
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was in place. Although it ** 0.3 felt that the turbulence was not oucoscivo, 
tho effect of snail flow perturbations at speoda cloce to tho flutter 
speed %r s aufficlont to send tho airfoil into oscillations which died 
out relatively slowly. An atienpt was undo to analyse signals frco tlie 
strain gages la an oscilloscope, but it was found that the signals which 
corresponded to snail oscillations of tho oystan roquirod cnplification 
in order to bo of any value. Equiprwnt which would do this and which would 
also filter out e^foranoous signals fron such sources as the online was 
unavailable. 

Other investigators appear to have had sinilar difficulties in 
that thoy also oncountercd a rather wide range of spoeds at which flutter 
would occur. For onrnple, Figure 15, reproduced free Figuro 15 of 
Reference 3, shows a range of osperlinental flutter speeds for a given 
value of the natural frequency ratio rather than any definite si>oed. An 
Domination of Figure 15 a? so shows that tho orrporinontal flutter speeds 
uoro alt jays groator than the theoretical value by anounts averaging ovor 
15 per cost of tho tlioorctical value. This ray bo ccnpared with an 
average flutter spood 27 per cont higher than the thoorotical value as 
dotominod in this investigation t&thout considering the of foots of 
finite aspect ratio and tho boundary layer of tho tunnel walls. The 
reference accounts for the difforcr.ee ly the influence) of internal friction 
not taken into account in tho theoretical calculationfl. Internal friction 
is rolatlvoly nuch groator in systems designed to flutter at low spoeds 
than it is in actual 3tructuros where t'no flutter speed is such higher, 
and internal friction will alleys tend to raise tho fluttor spood. Those 
considerations will account for tho seemingly larger difference between 
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theoretical and o:r;«rincntal results obtained in tliic study. 

Low speed oscillations wore found at api a'oxhaa tely one third tho 
flutter velocity for tho phenononan described above. Those oscillations 
occurred vith tho barrior in the 3/4 cud 1 chord positions. Wh on the 
position of tho barrior rolativo to tho airfoil was closer than 3/4 
chord no oscillations vero dotcctod. It oliould bo noted however, that 
tho spood ranco of these low opood oscillations vtos closo to tho u-rdnua 
operating speed of tlio tunnel, end thus the low spood operating lie;', tat ions 
of tho wind tunnel prevented a thorough invest lent ion for the prooonoo 
of oscillations when the relative barrier to airfoil distance was loss 
than 3/4 chord. 

Ivfcon tlio barrier was novod closer laterally to tlio airfoil than 
tho standard relative distance of 2 inches indicated in Figure 6, the 
speed at which oscillations occurred 1200 unchanged as long as tho odge 
of tho volocity gradient did not touch tho airfoil. 

Those low spood oscillations were of largo amplitude end pre- 
dominantly torsional in node. (Sea oscillograph rocord in Figure 5(b).) 

Tho oscillations occurred only in a very narrow opood range, frees 14.1 
to 17.0 foct per second at tlio 3/4 chord position and 15.0 to 10. 0 foot 
per second at tlie 1 chord position. 

Tho frequency of oscillation was practically constant regardless 
of the opood and barrier position. Si:-; of ole von oscillograph recordings 
taken at various speeds and with tlio barrier at both tlio 3/4 and 1 chord 
positions cave a frequency of 53.6 radians per second, while tlie othor 
five voro vciy clooo to this. Tho natural torsional frequency of tho 
system (Figuro 12) was dotominod oxxsrinentally to bo appro:± ntoly 



15 



54*0 radians per second. 

Lo (Reforonco 3) predicted tlrrt an airfoil oscillating nonr an 
intorfaco could have a very lcn: speed flitter in addition to tho ror-lax 
Id£h speed flu' tor and that this flutter weld bo prodocxlnantly fls:eeral 
in node. Tlio lou speed oscillation found in this study docs not ap.-oar 
to be tho low cpcod flutter rodicted by Lo inujRueh as it is torsional 
in node, of lorco arplituclo with a frouvenoy approxiantoly tho sateo an 
tho natural torsional frequency of tlie ays ton, and it occurs at a s;>cod 
nucu higher than that at which Lo indicated Ms predicted fluttor would 
occur. 

The nature of tho low cpcod oscillation found in this study dooa 
indicate howover, tho likely possibility tliat it is duo to vortex 
shoddino The use of 7ylcr*G formula, !Ib sin <x/V - K, (Reference 7) 
indicates that tho an;;lc of attack of the airfoil would have to bo ever 
20 do crocs to elves a value of K in aproenont with Tyler* o averaco value 
of 0.15 for airfoils. Though no procisc neasuranonts of flow diroction 
could bo obtained, in view of tho car© t .ter. to nairtain a scro ancle. of 
at tad:, it is unlitely tliat tho ancle of at tad: approacho ’ this liiph 
value. Therefore, the noro plauciblo explanation is that tin oscillations 
were duo to periodic vorticos fomod in tho flow behind the blunt trall- 
inc ©dgo of tho barrier. Additional information on both tho naturo and 
tlio diroction of the flow is needed to detomino conclusively tho cause 
of this lev: spood oscillation. 

Tho information that would nalxs possible a _ rc-cico o:q>lanation of 
the flutter and oscillation phenomena encountered in this oxporinont could 
probably be obtained with tlie proper hotwiro onul.Tiont. Tlio flow ancle 
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conic, bo detciriino ’ by use of a svrretric airfoil with rrri atri r ally 
placed fluoh static pros euro orifices on each of tho surfaces. further 
irrosti'jition of this tyxi is reonesuendod to detor..'_iao cor.clus i vo ly if a 
sharp velocity gradient near on airfoil hae any effect on the oscillations 
of tho airfoil. 



I' it c ex. be shown esperii mentally t at the rrcoenoo of a sharp 
vslocity gradient has no effect on tho flutter tfiononcna of on airfoil, 
then shear flow considerations will bo reflected only in the calculation 
of rodianical adnlttnnco, in »Mdi ease tho raro suitablo rr.therr-.tical 
approach to a study of buffeting will be by way of statist ’cal nothods. 

Fren the forogoir g discussion and statement of facts, thin investi- 
gation seers to show tliat a sharp velocity gradient near an oscillating 
airfoil lias no significant offect on its critical flutter s^Kicd. 

This would tend to suljstantiatc tho conclusion that Lo’n theoretical 
calculations refloct tho if.oaliao.tion of a velocity (gradient into an 
"interface* rather than nrplai nirg the cause of buffeting. 

The gmuH cliangcs associated with tho presor.ee of a velocity 
grad ic! it an doter.aincd in this investigation indicate, further, that the 
viscous cltoar flou connected with a velocity gradient of tlie order of 
ssugnitudo lihely to be encountered in practice will havo such snail effect 
on tho nochonical ausiittanco •ihi.’.t it can be estlmtcu sufficicr'tly 
accurately by using the aorodyua.iic coefficients an Honoured in a .riiforn 
flou. 

haroover, as tho aoroiynanic coefficients are readily deter 'inable, 
it can bo concluded t’-at thoorios for predicting buffeting will bo 



concerned with ar. nni^sie of tha turbuloneo in iho flow around tlto 
tail. In othar trords, the nrediction of buffeting \.1H reqalro tfiat the 
turbalcr.co oovcr jr-ectrua an,' 1 the correlation funct'-.ono are Jcr.o\m cc* can 
bo apprccdnatod for tho vadco in viiich tho tail lies. 



IS 



v. coxmsirac aid RDcatrsmATiaiD 

Tho evidence found in this invosticntion, though not conclusive, 
indicates that buffotinc' io Dimply tho rosponao of an elastic system to 
a turbulont flow. Ifo conclusive evidence was found to indicate tint a 
olau-p velocity gradient near on a inf il has ray effect on tho oscillations 
of tlio airfoil. 

A low speed oscillation uao found which, iho evidonco available 
indicated was duo to periodic vorticos foined in the flow by tho 
experimental set-up used to create tho volocity cradior.t* Limitations 
on the rinisnaa operating spool of the wind tunnel precluded a thorough 
invest!, nation of tho lowor speeds in the lot/ oneed range. 

Turthor investigation of the airflow created by the eitpcrl- 
nontal 3et-up mod is recornondod in order to explain precisely tho 
oscillation phenomena encountered. 
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CAIOUXATIOIB 



I. ABCOIL AID S*RI!E CCfBTAIBS 




c. G. 
o. a. 



9" 



tfoicht of airfoil « 3.7730 lbs. 



Ib.oc of airfoil 



9.79 x 10“ 3 



U3«.,.Cfl{u£ 

in. 



Radii of gyration 

about c. g. ® 3.H3" 

about a. a. * 3.25" 

Length of spring * 7.5” 

Croso-eoction of springe * l/l6" x 1/2" 

Ihoa of cprinc ^ 1.73 x 1C lb. 222*1 

In. 

Total spring I'-aso ^ 3.46 x lCP^ lb. 

in. 



ooatcr of Gravity 
<--x elastic axis 
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ii. DfinscmaiTicEj or 7 »tu 3 al ncyocxirs cf vnsuTion 



a. Eteadlias:^ 



1. Pifforcr.tial Sensation 



The following configuration is caounod in which the springs aro 
built in at both ends and t!)o airfoil is considered stiff as conpared to 
spring. K y 

JJMJJ 



//////. 






JL 



y 



h~ l— H h~ l H 



77777 / 



S 



Considering tho equilibriin of a differential length of spring, 

7 



b — & — H 



s <- 



< 

M 



i 



X 






s 



M + dx 



= o = m + ?dx - C n + dx)- s (-dy) 



'PJx - ^2* ^ + S <ly =0 



Assists 



d£L s pi JIl. 

dx 1:1 dx* 

Thou tha differential equation ia 



El 



£±- 



- S 



dx 



- ? 



0 



Tills has tlio solution 



= C 2 Cosk <^x + C 3 sink <yc 



?X ± C| 



tl 



where 













I 
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Tiia txnsidary conditions aro 

y ° 0 at 



X » 



4 % 



0 



at 



j y 

dx 



0 at X » ^ 

Subotitixtinc tha boundary conditions Into the equation for y 



Civos 

7 = 



P COsk q. ~ I 



sink q i. 



fx 

S 

Wlion % = X 

?A 



_P_ 

<k S 



- Cosh <^x + 

Ccosk 9 --^ ~ 0 

sink Jc 



s< k 



sink c^x 



1 = 



2? r cosU i. - 1 



S S< V L sink c^. X 

Taking Unit cs approaches soro 



'I = 



- _ £L + 


2? 


s + 


H 






5 + 


5 


Putting (^ 2 


G 


? 1 3 




12 El 


■3 



[.♦ 



±L 

z 



2 M 



-.] 



[V + 

f<M>* 1 



j 



ti 



Tills agroco vitli tiio dcflootion found by sotting 



S * 0 in tlio differential equation. 

Tho spring constant in floxuro io then, taldng into account both 
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springs 



k' 2 F 

K k = y " 



1 r 


, ^ ( 


’ cask - 1 


si 


s l 


1 1 


k Sink <^.-£ 


J 



As an cxanplo IC^ is vorbsd out for S * 40 lbs. 
Tho crosa-c action of the springs is 



\ - 



_S_ 

El 




E * 30 x 10 6 U 

in 



I = 



ai2 

12 



= • 3feZ 



The leaf -tli of each spring is 7* 5”. 



K 



c\X - 7.5 s .362 

2 



2.71 



k = 



2J- r i . r 

40 [ 1 2.11 \ 



7.55 - » 
7.48 



)] 



30 . 0 ) 



Tho flexural frequency, co. , is thon: 



uo . 



‘40 



[¥ ■ I 



30 . 0 > 



x I0 ; 



- 55.5 rad./soc. 



This rny be conpared with for 301*0 tension on tho spring. 



uy 



42.2 red. 000 



TO^ 
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gnorry. IfetLod 



♦ y 



il- 



i 



"Lz// 



■*- s X 



/T77 - ^ FTJI 

Asovrso a deflection curve shown abovo . In this Ooco, lot X bo 
tluo length of both springs* 

1 )o ^n 2 ^ 

Tliio ectlsfioc all boundary conditions. 



Tho r.otontial energy due to bonding lacocnts: 



v\ = El 



r i- <2. 

v . * I M * 

J o 

b. Tho potential enorgy duo to loads: 

v * = 4 - ( (£-f ** 

J 0 

c. Tlio kinotic ono?£^ of vibrating spring part icloa : 

i 



d * 1 



T, - j 



dx 



p • spring density 
A *» Aroa of Spring 



d. Tho IdLnotic energy of tho airfoil: 



T - — 

*2 - 2 



m cl) 2 - ^ 



Performing the indicated integration and equating potontial and 
IdLnetio 01 orgies 



UL> 



El 11 

-e 3 

3ms 

Ifc 



+ 



STP 

UA 
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The nasa of the seringa nay bo neglected sinco it i a only l/30 
of the naoa of tho airfoil. For S ° 4D lbs. 

30 x »o fc * HO X Tf 2 

^ 1 fiS)*X II * 2 X (Ifc) 3 4 X IF 

h “ 

. 00 ^ 7 ^ 



<_0. 



k H0 



( ?. ?0 + G ■ 53 ) Z 

. 00^79 



C °h H0 = 5G.2. rad^stc. 

Tho curves of flexural froqtraneieo vorcua sprinc tension aro 
plotted on Fiouro 9. 



b. Y<?rgA9B^l Txs-^r&i 

It io aooucnod tint increases in spring tonaion produces only 
aooond order of foots on the torsional spring constant. 

Fran Reference 7, 



= 



/3 



bc 3 G, 



whore j3 is a constant depending on 
tho dinonslona of the 
cross section 
b ’"s* long dinonaion 
g go short dinonaion 



In tide case, /3 = .307 



B 



. 307 X \ x(j^) A U X IO 7 x 2 
7. 5 



1 
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s 110*1 in* Xb# 



UJ w 






1.1 x 10' 



3,|? x to 



- 2 , 



^ £. 8 . 

a 59 rcd./ooc* 

C. Zlatural FtecaKCTgy PotoialnatAoa. by Es x>yl~o r,teJL 

Tho experimental data is plotted in Figure 8* 
Consider tlio following oysteia 

/////// 

% 



Elastic 

Axis 





TTTT1 / / / 



Far email oscillations of tho abovo system, the following equations 
will a’jpiy 

(9' 



Pot© tial energy* V =. ><h (S6-x) + K 

2 Z 



Kinotic onorcyj 



T = rex 



o 2 

I 0 



Using La Grango’o equations 

Ie + K n S* G - K n Sx + K* 0 * 0 

mx - K n S 0 +■ K n x = 



0 
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Tli© following assumptions are rado: 



a. e = e e |U,t 



b. x = x e lUj ^ 



c. 




m 



d. 




K* 

I 



Assumptions w o n and "d n are valid if the mass of the springs io 
snail oanparod to n, Tho condition for a nodo at y la 



1 




or 




X_ 

e 



C ample to experimental result 3 wore obtainod for a range of nodo points 
ouch that ) * ~ ^ • tto equations then roduco to two simultaneous 

equations for and , 




uj k 2 - u ^ 2 - S 2 ) + '*X Z 



uhoro w is the frequency of oscillations about tho nodo, 

Solutions of the above equations for ^ and w 4 cs a function of 
spring tension aro plotted in Figure 9, Hoto tliat v* 3 *, ±a independent 
of spring tension. 
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in. flottcr snn) D7r:Pv'.iri\TiO:r 

Tho procod uro and synbolo used aro in accordance uith thooo 
dofinod in Roforoncoo 1 end 2. 
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6.723 




r c.c. 2 
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r 2 
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3.249 
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a 2 « .0335 £ 


** 


S3 


.0322 
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.0261 


/T « .16156 


r 2 
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.1605 


° .4006 
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54.4 


aJ ^ z “ 2959 
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41.5 


« 1722 


A,* 

*1 
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6.353 




A ** 
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.739 




\ 


c 


3.438 




c *s 


CD 


3.433 




C *2. 
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1.000 
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39.314 




A 1 
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233.133 




°1 
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-2.174 




C 1 


a 


10.733 




D 1 
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-27.531 
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1.000 




n w 


a 


3.6259 





2 

» .00979 “• 

ins. 



•h * a » .221 -V - Q 



= .73> 
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A* ^ + D r x * c r c 0 



IrartoT 5n:^1i9n 



Dj^ X ^ C* * 0 

uhor 9 




* 

■ q k' r ^ * 

« A 1- "R — - 4- r ^ ^ 

ft| 8 l K + L > R 2 

* 0 



.a 


K I a 0l 




a* 


x K 




X 

K 


CD* + 




2G- _ 

K 


•B.JF) 






AeCj + 




a 1 ) 


2£ _ (X 
K <>2 


. „N 2.F 

+a 'lf* 




Cl - 


2 & 






X 

T?. 


h l 


K 

- (i 


+ a ) 


-/-L 
K VH 


-«*)2F] 



" t *F 

-Br t \l 'B r Z - 4 Ar c r 

2AK 
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11. 

3c 



r.raa..?^gstoea 



1 

K 


F 


-Gr 


_ 2G 
R 


IF 

K 2 


2F 


2.000 

2.273 

2.500 


.5979 

.6136 

.6250 


.1507 

.1592 

.1650 


.6028 

.7236 

.8250 


4.7332 

6.3326 

7.3125 


1.1953 

1.2272 

1.2500 
i 




30 
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Tho % and Sj. cro plotted in Figure 16. Tho intcraoction of the 
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IV. TYIilRS FORIfJIA 



N b sin °C 

V 



K 
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• H 



b 

V 

2JL 



= Natural frequency of torsional oscillation in cycles/sec 
= Chord of airfoil in feet 
= Angle of attack of airfoil 
- Flow velocity 

♦ — jj— • Sin 20° 



Note that Goldstein, Reference 7, defines the above formula as -y* =. K 

where b* is the width of the body perpendicular to the direction of flow, * 
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FIG. I 



WIND TUNNEL 
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a. Test section showing airfoil and barrier 




b. Mounting bracket and flexure 



Fig. 2 
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a. Flexure and spring clamp 




b. Weights attatched to spring 



Fig. 3 



I 
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b. LOW SPEED OSCILLATION V = I7f.ps T 






Sample Osillograph Recordings 



Fig. 5 
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FIG 7 
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FIG.13 
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FIG. 15 
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